Field, chemical and isotopic data from the Miocene Mineral Mountains batholith in southwest Utah are consistent with the batholith being derived through differentiation of material recently separated from the lithospheric mantle, with little involvement of pre-Oligocene crust. The batholith ranges in composition and texture from diabase and gabbro to high-silica rhyolite and granite and is distinctly calcalkaline in nature. Field evidence for anatexis of intermediate-composition Oligocene crust and magma mixing suggest that fractional melting and mixing were important processes during the evolution of the batholith. Major oxide and rare earth element data for the batholith are consistent with chemical evolution of the magma system being controlled by fractionation of hornblende, plagioclase and sphene (all of which occur in restitic portions of Miocene migmatites exposed in the field area) during partial melting, and mixing between gabbin and granite. Isotopic data indicate a lithospheric mantle source for mafic rocks in the study area and, on the basis of field data and their similarity in isotopic composition, granitic rocks are interpreted to be derived indirectly from the same source during Basin and Range extension. Evolution of the granites is hypothesized to involve a series of partial melting steps, one of which is exposed in the batholkh, which refine mantle-derived gabbros into high-silica rocks. Thus the Mineral Mountains batholith represents juvenile granitic material added to the crust during extension. This raises the possibility that extension may be an important granitic crust-forming event. Furthermore, this suggests that pure-shear igneous inflation of the crust by the mantle can be an important mechanism during extensional deformation. Data presented here indicate that fractional melting of young mafic crust may be an important process in the evolution of isotopically homogeneous intrusive suites which span a broad compositional range. Furthermore, the data support the idea that lithospheric manfie in the Great Basin region may be Proterozoic in age.
and that intrusion took place in at least four distinct episodes. The bulk of the exposed intrusive rocks (>80%) were eraplaced between 18 and 16 Ma [Coleman, 1991 ] . Intrusion of the early phases of the pluton does not appear to be synchronous with substantial extensional deformation; however, the eraplacement of dikes at 9 Ma occurred during a period of significant regional detachment faulting and uplift ofthe range [Nielson et al., 1986] . Hornblende barometry for rocks intruded between 25 and 16 Ma indicate that they all intruded at pressures of 2.0 to 2.5 kbar, consistent with the idea that most uplift occurred after eraplacement of the batholith [Coleman, 1991] . The Mineral Mountains area has remained magmatically active and was the sight of voluminous Quaternary volcanism [Lipman et al., 1978] and continues to be a geothermal "hot spot." With the exception of minor 8 to 9-Me rhyolite flows [Evans and Stevens, 1982] , there are no known extrusive equivalents to the intrusive rocks exposed nite and low-silica granite comprising greater than 80% of the exposed phases [Nielson et al., 1978 [Nielson et al., , 1986 Sibbett and Nielson, 1980] . Field relations indicate that there is a progression toward intrusion of more silicic phases throughout the history of the batholith [Coleman, 1991] . Early (25 Ma) intrusive events are essentially 100% granodiorite whereas the main intrusive event (18-16 Ma) is characterized by early intrusion of quartz monzonite and syenite followed by intrusion of quartz-poor granite and subsequent intrusion of quartz-rich granite. Emplacement of each of these phases was coincident with apparently minor, but ubiquitous, gabbro intrusion. The youngest igneous activity exposed in the batholith (9 Ma and Quaternary) is essentially bimodal basalt/ rhyolite dike emplacement and volcanism.
In general, the batholithic units are medium-to coarse-grained and are fresh at the mineral scale despite locally pervasive formation of gins. Coarse-grained units intruded as stocks whereas diabase and rhyolite are limited to dikes which vary from less than a meter to tens of meters thick. Monzonitic to granitic rocks comprise hornblende, biotite, K-feldspar, plagioclase, quartz assemblages, whereas gabbros to granodiorites comprise pyroxene, hornblende, plagioclase + biotite and quartz assemblages [Nielson et al., 1978] . All phases of the batholith contain abundant accessory sphene, as well as apatite, allanitc and zircon. Most units, including diabases and gabbros, contain primary hornblende and biotite indicating that all phases of the batholith were hydrous.
Alteration of most of the batholithic units is limited to minor chloritization of hornblende, although locally more significant alteration is present.
Field data indicate that mixing and fractional melting ofyoung intrusive units were important in the generation of the batholith. During the 18-Ma intrusive event, diorite and granite were intraded together and underwent significant mixing. This mixing event generated regional variations (gradual changes over tens of kilometers) in the petrography and chemistry of the units involved and yielded an essentially continuous range in composition from diorite to granite. Such variations were noted by Nielson et al. [1978, 1986] In addition to magma-mixing features, the northern and western margins of the batholith contain extensive zones of migmatization. The leucosome of the migmatites is quartz monzonitic and characterized by large phenocrysts of K-feldspar, whereas the melanasome comprises biotite + plagioclase + sphene + hornblende and zircon. Geochronologic data for the phases involved in migmatization, and for the migmatites themselves, suggest that anatexis of 25-Ma hornblende granodiorite occurred at 18 Ma and generated a porphyritic biotite-hornblende monzonite [Coleman, 1991] , indicating that remobilization of young crust was an important process in the generation of at least some of the phases of the batholith.
RESULTS

Major and Trace Element Geochemistry
Twenty-six samples from the Mineral Mountains batholith and associated igneous rocks in adjacent ranges were analyzed for major oxide compositions by X ray fluorescence spectrometry (Tables 1 and 2) . A subset of these samples was analyzed for rare earth element (REE) geochemistry by directly-coupled plasma (DCP) analysis (Table 3) . Detailed descriptions of analytical methods are provided by Coleman [ 1991] . The data in MREE depletions and negative Eu anomalies. This possibility is consistent with the Quaternary unit being among the most evolved rocks analyzed.
Origin of Miocene Intrusive Rocks
Excluding the samples discussed above, the remaining samples analyzed, including rocks which range from diabase and gabbro to rhyolite and granite, display coherent major oxide (with the exception of Na20) and REE trends, and have limited isotopic variability. These rocks comprise well over 95% of the exposed Tertiary batholith. Major oxide variation diagrams (Figure 2 ) exhibit linear to slightly curvilinear trends, consistent with field data indicating that both fractional melting and magma mixing are important processes in batholith formation. Fractional melting alone should generate kinks in oxide trends as phases enter and leave the fractionating assemblage, whereas two-component mixing alone should generate straight lines between end-members. Combined melting and mixing can generate the observed trends if melting moves liquids along one vector and subsequent mixing moves them along a different vector. The variable presence of biotite, plagioclase and hornblende in the restitic portions of the migmatite allows for great flexibility in melting vectors. Recognition in the field that both fractional melting and mixing may affect the same unit (for example, the leucosome of the migmatite is mixed with a coeval gabbro) make it difficult to constrain the relative effects of any of these processes on the basis ofmajor oxide data. Therefore we stress only that the trends observed are consistent with the field (Table 2) . As discussed below ,minor contamination by pre-Tertiary wall rock can account for the isotopic variability observed, but isotopic data seem to require relatively "closed system"behavior for generation of the Miocene batholith. That is, isotopic data are consistent with field, major oxide and REE data which indicate that the dominant processes controlling the chemical evolution of the batholith are magma mixing between isotopically similar end-member compositions in the batholith, and partial melting of older parts of the batholith, with little involvement of pre-Tertiary crust. Alternatively, the batholith could represent fairly uniform mixtures ofmantle with significant volumes ofpre-Tertiary crustal material. This model could account for the observed major oxide variation and the REE patterns if a suitable crustal contaminant existed (not identified in the limited sampling of pre-Tertiary rocks in this study), or if assimilation/fractional-crystallization (AFC) processes involving fractionation of hornblende, plagioclase and spheric were invoked. Fractional crystallization cannot be dismissed by the chemical and isotopic data presented here. However, because Miocene migmatites are documented in the field area [Coleman, 1991] , and cumulate phases have not been identified in this or any previous study of the batholith, mixing and fractional melting, rather than fractional crystallization, are preferred as the mechanisms responsible for generating the observed chemical and isotopic trends. The question of involvement ofpreTertiary crust can only be addressed by examining potential sources of the mafic and felsic rocks using isotopic data and modeling the evolution of the complex within limits imposed by these data.
Origin of lsotopic Variation in Mafic Rocks
The similarity in the isotopic compositions of the basalt, diabase and gabbro collected away from exposed basement rocks in this study suggest that they were all derived from the same source. On the basis of the isotopic composition of the marie rocks, this source is interpreted to be lithospheric mantle identified in previous studies of Basin and Range magmatism (Figures 4 and  5a) [Fittonet al., 1988 [Fittonet al., ,1991 Farrneret al., 1989; Menzies, 1989 ]. There are several important alternative interpretations for the source of the mafic rocks. Origin in the asthenospheric mantle followed by crustal contamination is the most obvious and may be supported by petrographic data and major oxide compositions which indicate that some of the diabases are contaminated by more silicic matehal. However, as discussed above, gabbros which were collected adjacent to pre-Tertiary rocks and have bulk compositions similar to the diabases show significant shifts in Sr and Pb concentrations and isotopic compositions away from those of the diabases toward upper crustal isotopic compositions (Figures  4 and 5) . This is best explained if the isotopic and bulk composition of the diabases was altered by interaction with the Miocene granites which they intrude rather than LIL-enriched pre-Tertiary crust. If this is true, models for the origin of the diabases through asthenosphere-crust mixing require nearly all (if not all) of the Pb, 
Origin of lsotopic Variation in Felsic Rocks
The isotopic composition of the granitic rocks in the Mineral Mountains is indistinguishable from that of the mafic rocks, and different from that of the exposed basement in the range, indicating that the granites were not derived through anatexis of Precambrian upper crustal rocks. This is also supported by the differences in Pb isotope systematics between the Miocene granites and ore leads from the Mineral Mountains which were interpreted to be derived from Proterozoic upper and lower crust [Stacey and Hedlund, 1983; Wooden et al., 1988] . As with the origin of the isotopic composition of the mafic rocks, the isotopic compositions of the felsic rocks could be reproduced through asthenosphere-crust mixing, but this seems unlikely for many of the same reasons outlined above. Another alternative is that the granitic rocks were derived from anatexis oflower crust. On the basis of their elevated 208Pb/204pb ratios, some of the igneous rocks exposed in the eastern Basin and Range province have been interpreted to represent lower crustal melts [Zartman, 1974] , yet none of the reported isotopic data for Precambrian through Oligocene rocks are comparable to those for rocks in the Mineral Mountains (Figure 5a) We propose that the batholith may have evolved through a series of partial melting events, one of which is exposed in the range. According to this idea, a gabbro derived from melting of the lithospheric mantle, perhaps due to decompression during extension, is emplaced into the crust, and is subsequently melted during another intrusive event. If the gabbro is high in incompatible elements including potassium (as are the gabbros in the Mineral Mountains), melting may yield a granodioritic liquid. This granodiorite may then be melted to yield an even higher-silica unit, a quartz monzonite, or ultimately a high silica granite or rhyolite. This model is consistent with that of Huppert and Sparks [1988] for the evolution of calcalkaline granitic crust. Although existing experimental work on hydrous melting ofrocks ofbasaltic composition indicates that liquids tend to be tonalitic and trondhjemitic [cf. Johnston, 1986 Another feature of the Basin and Range mantle noted by Fitton et al. [ 1988, 1991] , and supported by the data in this study, is that asthenospheric mantle sources were apparently not involved in early extension in this region. Fittonet al. [ 1988] argued that this indicated a passively sampled mantle; however, Fitton et al. [1991] The stepwise partial melting mechanism proposed here could operate very efficiently in extensional settings due to the rapid influx of magmas from the mantle which provide both great volumes of material to differentiate into high-silica crust, and the heat necessary for melting. Although the Mineral Mountains represent a relatively small volume system when compared to the large Tertiary ash flow sheets exposed in the western United States, the evidence for fractional melting in the Mineral Mountains suggests that partial melting ofyoung crust may be a regionally important mechanism in the differentiation of isotopically homogeneous systems.
The results of this study suggest that extensional tectonics may be important in generating silicic crust with a significant young mantle component. This observation could help explain the similarity in mantle separation ages and crystallization ages of some ofProterozoic anorogenic granites. Furthermore, this investigation indicates that there may be a component of pure shear, as igneous inflation of the crust by the manfie, durh•g Tertiary extension in this region of the Basin and Range province. Many authors have suggested that pure-shear extension may inflate the crust through voluminous intrusion of mafic liquids which remain under highly extended terranes. The results presented here indicate, however, that a large volume of the juvenile crust generated may be granitic in composition and calcalkaline in nature. There is no reason why the same mechanism should not have been active during extension throughout geologic time, raising the possibility that other exposures of granitic crust may be extensional, and that extension can be an important crust forming event.
